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Abstract The advent of simple and affordable tools
for molecular identification of novel insect invaders
and assessment of population diversity has changed
the face of invasion biology in recent years. The
widespread application of these tools has brought with
it an emerging understanding that patterns in biogeog-
raphy, introduction history and subsequent movement
and spread of many invasive alien insects are far more
complex than previously thought. We reviewed the
literature and found that for a number of invasive
insects, there is strong and growing evidence that
multiple introductions, complex global movement,
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and population admixture in the invaded range are
commonplace. Additionally, historical paradigms
related to species and strain identities and origins of
common invaders are in many cases being challenged.
This has major consequences for our understanding of
basic biology and ecology of invasive insects and
impacts quarantine, management and biocontrol pro-
grams. In addition, we found that founder effects
rarely limit fitness in invasive insects and may benefit
populations (by purging harmful alleles or increasing
additive genetic variance). Also, while phenotypic
plasticity appears important post-establishment,
genetic diversity in invasive insects is often higher
than expected and increases over time via multiple
introductions. Further, connectivity among disjunct
regions of global invasive ranges is generally far
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higher than expected and is often asymmetric, with
some populations contributing disproportionately to
global spread. We argue that the role of connectivity in
driving the ecology and evolution of introduced
species with multiple invasive ranges has been histor-
ically underestimated and that such species are often
best understood in a global context.

Keywords Admixture - Bridgehead effects -
Invasion genetics - Invasive species management -
Multiple introductions

Introduction

A fundamental problem in invasion biology has long
been how to reconcile the likelihood of reduced
genetic diversity via founder effects with invasive
success across a range of habitats and niches in the
short and long term. Once a central “paradox” of the
discipline, researchers now understand that genetic
diversity has been historically underestimated in many
introduced species, while other invaders appear
remarkably tolerant to genetic uniformity and may
even benefit from periodic founder effects (Roman
and Darling 2007). Considerable work in the past few
decades has focused on understanding the role of
phenotypic plasticity in invasion success, mechanisms
of tolerance to low diversity and rapid evolution in
introduced populations—all of which appear to be
variously important in different systems to invasion
success (Lee 2002; Dlugosch and Parker 2008;
Whitney and Gabler 2008; Lawson Handley et al.
2011). There is also growing recognition that high
levels of genetic diversity can be preserved during
introduction and establishment (e.g., via high propag-
ule number or multiple introductions) and that genetic
diversity can increase over time since establishment,
primarily due to subsequent introductions from the
native or adventive range (Kolbe et al. 2007; Keller
and Taylor 2010; Rius and Darling 2014; Gladieux
etal. 2015). A new paradigm emerging from this work
contends that global movement and spread for many
invasive alien species (IAS) is rapid and often
complex and that multiple introductions and migration
among disjunct parts of the adventive range are
common. Thus, apparently disparate populations
across continents are effectively connected by gene
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flow at ecologically relevant time scales. Such patterns
have important consequences from the perspective of
the evolutionary biology of alien populations that
researchers have only just begun to appreciate and
explore. The implications for IAS policy and man-
agement are also likely to be profound.

IAS are a major threat to natural and managed
ecosystems worldwide. The rate of accumulation of
IAS continues to be very high in some parts of the
world (Aukema et al. 2010) and to increase in others
(Essl et al. 2015). Despite the laudable goal of
prevention and/or eradication of IAS, this is a hugely
difficult task, likely to be unsuccessful in the vast
majority of cases. In most situations, managing
invasive alien populations and controlling rates of
spread are the only options (Pysek and Richardson
2010). Effective management relies on a comprehen-
sive understanding of ecological and evolutionary
patterns in IAS. We argue that this can only be
achieved by taking both a regional and global view
that explicitly considers patterns of movement within
and among regions in the context of adaptive evolu-
tionary change.

The goals of this review are threefold. First, we
present representative examples from the growing list
of cases where global connectivity appears to be a
plausible model for understanding invasive success.
Second, we explore some of the potential conse-
quences of rapid and complex patterns of spread and
the concomitant mixing of potentially divergent
genotypes on eco-evolutionary dynamics. Third, we
examine the ways in which cryptic movement and
complex spread may influence management in the
future. We do not attempt to recapitulate findings of
recent comprehensive reviews (Lee 2002; Dlugosch
and Parker 2008; Le Roux and Wieczorek 2009;
Lawson Handley et al. 2011; Rius and Darling 2014)
but rather build on a growing body of theory and
empirical evidence around globally distributed inva-
ders to explore the potential fundamental shifts in our
understanding of invasion biology.

Patterns of global insect movement

There is an accumulating number of examples where
the global movements of IAS are characterized by (1)
rapid spread from points of introduction via popula-
tion growth and natural dispersal; (2) frequent jump
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dispersal to uncolonized, noncontiguous areas; (3)
multiple introductions from the native range; and (4)
frequent exchange among disjunct invasive popula-
tions worldwide. In some cases, there is also evidence
for back-introduction from invasive populations into
the native range. The Sirex woodwasp, Sirex noctilio,
provides an excellent example of such complexity.
Since 1900, S. noctilio has invaded exotic Pinus
plantations in Australasia, South America and South-
ern Africa and more recently (2005) into native and
exotic Pinus stands in North America (Slippers et al.
2015). Original hypotheses based on limited data
proposed a simple, stepwise route of introduction
between countries in the Southern Hemisphere (Slip-
pers et al. 2001). However, a recent comprehensive
analysis using mitochondrial cytochrome oxidase I
(COI) sequence and Simple Sequence Repeat (SSR)
data, as well as various population genetic tools
[including Approximate Bayesian Computation
(ABC) analysis; Cornuet et al. 2008] revealed far
greater complexity in patterns of global spread
(Boissin et al. 2012). Two evolutionarily distinct
lineages of the wasp have spread widely, one of which
has a proximate origin in Europe while the origin of
the other is unknown. These lineages co-occur in some
regions including Chile and South Africa where they
interbreed, resulting in admixture. Most regions
appear to have received migrants from other invasive
populations (e.g., South America from Europe, Aus-
tralasia and a population of unknown origin; South
Africa from South America and Australasia, etc.),
creating complex population admixtures of different
proximate sources, which may or may not represent
distinct lineages (but that differ at neutral markers).
Even North American populations, where the invasion
was most recently reported, appear to have experi-
enced introductions from at least two sources (Berg-
eron et al. 2011; Boissin et al. 2012; Castrillo et al.
2015). Interestingly, these analyses also suggest that
Europe, where the wasp is native, has been invaded by
a lineage of unknown origin, possibly via an invasive
population in South America (Boissin et al. 2012).
The complex pattern of spread and mosaic of
genetic mixing among invasive populations, as illus-
trated by the S. noctilio example, is by no means
unique to that system. A quantitative review by
Dlugosch and Parker (2008) of recent population
genetic studies of plant, animal and fungal invasions
concluded that while most invaders experience a loss

of diversity initially (i.e., years to decades post-
establishment), diversity is often restored through
multiple introductions, increased populations sizes
(countering drift) and interconnectivity of popula-
tions, and sometimes can even exceed that of native
source populations (e.g., Kolbe et al. 2004, 2007).
Interestingly, Dlugosch and Parker (2008) found a
U-shaped pattern in diversity loss over time; that is,
reductions in allelic richness are most severe at
intermediate time points post-introduction, perhaps
suggesting the importance of drift over founder
effects. A number of studies on invasive alien insect
populations also support the generality of the pattern
that diversity increases with time since introduction.
For example, in an extensive review of medfly
(Ceratitis capitata) studies, Malacrida et al. (2007)
found that multiple introductions consistently con-
tribute to the maintenance or enhancement of genetic
diversity in this important global invader. Similar
processes have been described in invasive populations
of the Eucalyptus Bronze Bug, Thaumastocoris pere-
grinus (Nadel et al. 2009), Harlequin Ladybird,
Harmonia axyridis (Lombaert et al. 2010; Roy et al.
2016), Red Tomato Spider Mite, Tetranychus evansi
(Boubou et al. 2012), Eastern Subterranean Termite,
Reticulitermes flavipes (Scaduto et al. 2012), mosquito
Aedes japonicas japonicas (Zielke et al. 2014), and a
number of other insect invaders (Table S1). The
changing nature of invasive alien populations caused
by multiple introductions over time highlights the
need to periodically reassess diversity in such popu-
lations (something that is not currently being done
routinely for most invasive populations), especially in
light of the implications this can have for manage-
ment, as discussed below.

Genetic diversity in invasive populations is not only
linked to multiple introductions, but can also result
from high propagule pressure, whether as a single
event or as a result of sustained pressure over time. For
example, Kerdelhué et al. (2014) showed that the
original introduction of the Maritime Pine Blast Scale,
Matsucoccus feytaudi, into southeastern France was
comprised of a very large number of individuals.
These introductions possibly occurred during World
War II due to large-scale wood movement. Conse-
quently, the genetic bottleneck in these original
invasive populations appears to have been relatively
weak. Similarly, though the invasion of Drosophila
subobscura from Europe into South America was
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initiated by only a few founders, the subsequent
(serial) introductions into North America apparently
involved a less severe bottleneck (Pascual et al. 2007).
Low numbers of individuals arriving during the early
phase of invasion do not necessarily result in invasion
failure, however. For example, the recent colonization
of Western Europe by the Asian hornet, Vespa velutina
nigrithorax, was initiated by the arrival in France of a
single multiply-mated female (Arca et al. 2015).

One of the outcomes of multiple introductions from
the native range of invasive insects is that globally,
populations of some invading pests can comprise two
or more distinct lineages, or even cryptic species
(Miura 2007). For example, in globally invasive
populations of a Eucalyptus leaf weevil (Gonipterus
spp.), at least three distinct species have been found
with two species co-occurring in some regions without
the knowledge of the practitioners managing the pest
(Mapondera et al. 2012). Here an incorrect name,
‘Gonipterus scutellatus’, has been applied to the
invasive pest for decades, becoming a serious imped-
iment to management, including the selection of
specific biocontrol agents and understanding of inva-
sion patterns. Invasive mites too, most notably erio-
phyoids, have regularly been found to comprise
multiple cryptic lineages and/or species (Carew et al.
2009; Skoracka et al. 2014) with closely related,
morphologically indistinguishable but molecularly
distinct forms that differ in important ecological
characteristics (particularly host range; Skoracka
et al. 2013), that co-occur in complex mosaics. The
degree to which the cryptic species and/or lineages
require more nuanced, targeted (or diversified) man-
agement strategies is largely unknown. Cryptic forms
are at the very least a complicating factor for research
and management. The Gonipterus and eriophyoid
examples clearly illustrate how genetic tools can
inform management but also highlight the desperate
need for adequate taxonomic systems to describe this
diversity. In many cases expertise to identify and
describe cryptic species or distinct lineages using
traditional tools simply does not exist. New ways to
systematically characterize and/or name biological
diversity that go beyond traditional taxonomic
approaches will have to be explored, particularly with
respect to microbes (Maddison et al. 2012), though
also for insects.

Apart from the complications arising from the
existence of different lineages in distinct parts of an
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invader’s range (e.g., if management must be cus-
tomized), the uniting or reuniting of previously
isolated populations or species can result in unique
combinations of alleles via hybridization or admix-
ture, which can further complicate management
approaches. For example, the emergence of new
genetic combinations resulting from uniting or reunit-
ing separately evolving lineages has been shown for
the Pine Processionary Moth, Thaumethopea pity-
ocampa. While the moth was considered to have
expanded naturally from southern Europe with global
warming, its northward spread now appears to have
been driven at least in part by long-distance transport
by humans of potted pine trees. As a result, the
northern front of the advancing distribution is charac-
terized by genetic admixture combining genes of
populations from different parts of Europe having
different primary phenologies (Kerdelhué et al. 2015).

The existence of globally distributed species is not
new, and in some cases appears to be largely
independent of modern trade (i.e., in highly dispersive
species with wide environmental tolerances, though
cryptic species also commonly occur in these groups;
Spellerberg and Sawyer 1999; Nelson 2002). Very
clearly, however, global spread is very strongly
influenced by the movement of our own species
(e.g., Liebhold et al. 2012; Santini et al. 2013). Based
on a recent spate of invasions of pests of agriculture,
including forest plantations of pine and eucalypts
(particular the latter), it appears that many invasive
insects are reaching global status much more rapidly
than before (Hurley et al. 2016; Roques et al. 2016).
Species such as S. noctilio, Gonipterus spp. and
Ctenarytaina eucalypti (among others) that escaped
their respective native ranges in the late 1800s/early
1900s generally took between 50 and 100 years to
reach truly global distributions (i.e., presence on all or
most continents where hosts occur). Among more
recently emerging invasive insects, several have
achieved such distributions in little more than a
decade or less. For example, Leptocybe invasa, a gall
wasp on Eucalyptus, was first reported in Israel in
2000 (Mendel et al. 2004). At that time, this wasp was
completely unknown, but by 2008 it had spread
throughout the North and South America, southern
and southeast Asia, the Mediterranean and Africa in
what appeared to be a more or less stepwise fashion
(Nugnes et al. 2015). L. invasa spread has been
exceptionally rapid, but several other pests of
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Eucalyptus (e.g., Glycaspis brimblecombei, Ophe-
limus maskelli and Thaumastocoris peregrinus) are
currently spreading globally with similar pace. This
phenomenon has been seen in a number of insects
from diverse taxonomic lineages, as well as across
hosts, herbivorous feeding guild, and life histories
(Hurley et al. 2016). While some recently emerging
pests that exhibit rapid spread could be specifically
and idiosyncratically linked to pathways that permit it
(Paine et al. 2010), Roques et al. (2016) showed that
this faster spread constitutes a general phenomenon
for invasive insects since the mid-1990s, for Europe at
least.

There is widespread agreement that increasing
global connectivity, in particular the growing volumes
and rates of movement of goods and people, is the
most important factor influencing the increase in the
number of invasive insects and micro-organisms
(Fisher et al. 2012; Garnas et al. 2012; Liebhold
et al. 2012; Boyd et al. 2013; Santini et al. 2013; Roy
etal. 2014). Garnas et al. (2012) highlight the complex
interplay between factors that influence the global
movement of pests, leading to the rapid attainment of
global distributions and ‘pest homogenization’ on crop
and forestry hosts. Apart from trade and the movement
of people, these include: (1) the global homogeniza-
tion of host species (e.g., Eucalyptus that is increas-
ingly becoming a global fiber crop; Hurley et al.
2016); and (2) the positive feedback between global
introduction and spread and subsequent invasion. This
latter phenomenon, where invasive populations act as
the source of further introductions, has been termed
the “bridgehead effect” and is increasingly seen as an
important driver of increasing rates of global invasive
species.

The “bridgehead effect” was first described by
Lombaert et al. (2010) in the context of the invasion of
the Harlequin ladybird beetle (H. axyridis), where a
highly fit invasive population in North America
appears to have acted as a source from which further
invasions into Europe, South America and Africa
originated. This event was particularly noteworthy as
it follows on many years where beetles reared and
repeatedly released in multiple regions failed to
establish and invade, and appears to have resulted
from population admixture (Facon et al. 2011). This
phenomenon—where one or more invasive popula-
tions serve as a source or hub for further global
introduction—has also subsequently been described

for many other insects (see Table S1) and is evident in
invasions of S. noctilio, L. invasa and other insects
given to global spread. A particularly successful
original invasion that serves as the source of subse-
quent invasions could be the result of an evolutionary
shift in this population that increases its invasive
ability. Alternatively, such patterns could be ascribed
to a geographic or other advantage with respect to
human movement and trade (Garnas et al. 2012).
Understanding the processes that influence some
populations to serve as sources of invasion while
others not is an important objective of future studies of
invasive insects.

The increased recognition of the complexity of
invasion patterns in insects (and other organisms) has
been driven in a large part by advances in the
availability of more powerful molecular markers and
analysis tools. In insects, mitochondrial COI sequence
data have long been used to trace the origin of invasive
populations. While useful and often very informative,
this tool is also plagued by problems, such as poor
amplification in some groups or the presence of
nuclear mitochondrial pseudogenes (numts) that can
cause an overestimation of diversity and otherwise
confound phylogenetic relationships if not detected
(Song et al. 2008; Haran et al. 2015). The ease with
which modern sequencing platforms allow the devel-
opment of SSR markers (Santana et al. 2009) as well
as their power and repeatability for population genetic
analysis, has led to a dramatic increase in the use of
such approaches over the past decade. These same
advances in sequencing technology are now also
driving the increased use of single nucleotide poly-
morphisms (SNPs) as preferred markers, particularly
at a whole genome or transcriptome level (Chown
et al. 2014). These genomic approaches to population
genetics not only vastly increase the power of the
markers available to describe patterns of diversity, but
also enable the study of the causes and consequence of
invasion at a population genetic level. These tools
have not yet been widely applied to invasive insects.

Apart from standard population genetic and phylo-
genetic tools that have long been used to characterize
molecular data from invasive populations, clustering
methods and likelihood-free ABC methods have in
recent years made it possible to evaluate among and
quantify key parameters of increasingly complex
hypotheses about invasion routes, dubbed “scenarios”
(Miura 2007; Estoup and Guillemaud 2010). Two such
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tools that appear to be most widely used at present
(together with traditional tools) are STRUCTURE
(Pritchard et al. 2000) and DIYABC (Cornuet et al.
2008). In particular, DIYABC (as other model-based
ABC programs) makes it possible to combine molec-
ular marker data with data about invasion history,
bottlenecks and historical population sizes. This
allows for quantifying the relative probabilities of
multiple complex scenarios in ways that were previ-
ously not possible (see Table S1 for recent applica-
tions of DIYABC). These tools are responsible for
elucidating a number of the surprisingly complex
invasion routes described above. Interpretation of
results from analyses using STRUCTURE and ABC
(among other tools) can be challenging, especially in
the face of imperfect knowledge of introduction dates
and incomplete and non-standardized sampling of
some populations. Dlugosch and Parker (2008), how-
ever, point out that invasive populations are typically
‘oversampled’ and that in most cases the results should
reflect a fairly accurate picture of the diversity and
relations of at least invasive populations. There have
also been some criticisms of ABC approaches on
theoretical grounds that should be considered when
using or interpreting these data (Robert et al. 2011).

Consequences of complex global movement
of invasive species

The recognition that globally IAS are moving in
complex ways, that the number of propagules per
establishment event is often large, and that multiple
introduction events are common (sometimes from
disparate parts of the native or invasive range) has
broad consequences for predicted evolutionary trajec-
tories of IAS (Lee 2002; Dlugosch and Parker 2008;
Wilson et al. 2009; Lawson Handley et al. 2011; Rius
and Darling 2014). In this section we focus on the
subset of invasive taxa that are adventive in at least
two or three disjunct regions and thus are currently—
or have the potential to become—globally distributed,
and consider some of the consequences that such
patterns might have on fitness, local adaptation and
long-term invasiveness.

Rates of secondary transfer to new areas and
migration between established populations increase
with the size and dispersion of the global adventive
population. Thus, with each novel establishment
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event, connectivity among regions increases and with
it the potential for the formation of novel genotype
assemblages in different regions (Fig. 1). Interestingly
(if intuitively), the probability of transfer to a new,
uncolonized region peaks then begins to decline once
half of the possible regions have been colonized, as the
opportunities for new establishments decline until a
species becomes cosmopolitan (Fig. 1, red line). This
contrasts starkly with the probability of movement of
individuals when secondary transfer among occupied
regions is included, which increases linearly with the
number of established regions (Fig. 1, blue line). The
fact that movement of individuals and propagules does
not stop and in fact continues to increase once an area
has been invaded is perhaps an under-appreciated
aspect of IAS management. Unless there are barriers to
secondary introduction or spread, the probability of
admixture continues to increase and remains high as
species become globally distributed, unless underly-
ing pathways are disrupted (Garnas et al. 2012).

Mpyriad direct and indirect effects of invasion have
been elucidated by researchers since Elton (1958) or
earlier and have been extensively reviewed (Liebhold
et al. 1995; Parker et al. 1999). However, the influence
of regional invasion on local and regional ecological
and evolutionary dynamics as well as on global
processes is perhaps less appreciated (Lee 2002;
Lawson Handley et al. 2011). For example, the
phenomenon that “invasion begets invasion” is well
recognized, as reflected in emerging concepts such as
the bridgehead effect (Lombaert et al. 2010). Some
authors invoke rapid evolution in the adventive range
(e.g., selection for dispersal, for association with
human commerce or for other traits that enhance
fitness) as a key driver of the elevated probability of
subsequent transfer (Whitney and Gabler 2008). In
some cases, this is surely true (Kolbe et al. 2007;
Turgeon et al. 2011). However, it is important to
recognize that these elevated rates are a property of
global population size and distribution and do not
require a specific mechanism to act when global
connectivity exists.

The increased potential for movement among
invaded regions brings with it a number of theoretical
possibilities for the mixing of genotypes or for the
sharing of acquired microbial associates and/or natural
enemies. Very high rates of secondary transfer could
have the effect of homogenizing populations and/or
communities across the adventive range, but this
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Fig. 1 Rates of transfer (P) to uninvaded regions (red lines) and
to all regions irrespective of colonization status (blue line) based
on simulation model employing a random transition matrix
representing connectivity among region (n = 20,000). Note that
when once half of the regions are colonized, the probability of
populations reaching uncolonized regions decreases (to zero)
while actual rates of transfer (and therefore the potential for
transfer of cryptic genotypes or forms) continues to increase. It
is likely that quarantine efforts would be abandoned once all six
uncolonized regions (/,—Is) are invaded while the movement of
individuals continues. R code available upon request

seems unlikely given that introduction and establish-
ment are still low-probability, chance events. Empir-
ical evidence likewise supports the existence of
structure in the distribution of genotypes around the
world for many systems, rather than a pattern of global
panmixia (Sakai et al. 2001; Lombaert et al. 2010;
Boissin et al. 2012 and other examples discussed
above). Cases where haplotype diversity is low
typically arise from rapid spread of a genotype rather
than homogenization. Whether the creation of novel
assemblages via admixture is an important driver of
evolution (and perhaps of further rates and patterns of
spread) or whether genotype mixing is simply an
inevitable consequence of global invasiveness is a key
question with both practical and theoretical
considerations.

Admixture that brings together individuals and
genes from different source populations in the inva-
sive range is now considered to be a common
phenomenon in invasive populations (Bossdorf et al.
2005; Wares et al. 2005; Rius and Darling 2014).
However, understanding the importance of admixture

to evolution in the invasive range is not a simple
matter. The proposed roles of admixture include
promoting (1) genetic rescue of low diversity popu-
lations (e.g., those at risk due to inbreeding or drift);
(2) adaptive evolution by increasing additive genetic
variance; (3) the aggregation of favorable traits or
gene combinations with possible effects on fitness; or
(4) disrupting local adaptation or creating mosaics of
maladaptation. Alternatively, admixture may have no
direct effects on population fitness or may be
confounded with correlated factors such as propagule
pressure that are difficult to tease apart (Rius and
Darling 2014). Finally, the effects of admixture may
be positive, negative or neutral depending on ecolog-
ical context, the existence and outcomes of rapid
evolution in various parts of the invasive range, and/or
by the stochastic sampling of alleles via the processes
of both drift and secondary transmission. Some of the
hypothetical consequences of elevated propagule
pressure as well as different types of admixture are
highlighted in Fig. 2.

The role of genetic diversity

The importance of genetic diversity to population
success is so intuitive that it has become deeply
ingrained in the scientific literature. This is despite
myriad examples of widespread ecological success of
species that are either exclusively asexual, partheno-
genetic, or have experienced severe bottlenecks post-
introduction into a new range (Roman and Darling
2007). Two broad truths about the role of genetic
diversity and invasion success have emerged in the
past decades, as described in various examples above.
First, genetic diversity is not a prerequisite for the
establishment or spread of invasive organisms (e.g.,
Keller and Waller 2002; Rius and Darling 2014; Arca
et al. 2015). Second, many invasive populations
exhibit high allelic diversity and are fully capable of
rapid adaptive evolution in the adventive range (e.g.,
Kolbe et al. 2004, 2007; Lawson Handley et al. 2011).

Key mechanisms
The idea of diversity as a prerequisite for long-term
population growth and viability takes a few different

forms. First, there are direct effects on individual
fitness. Genetic diversity reduces inbreeding
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Fig. 2 Hypothetical consequences for mean individual fitness
(o) arising from common invasion scenarios. In these scenarios,
the capacity for adaptive evolution in invasive populations is
shown to increase (from left to right) with higher propagule
number, where multiple introductions from the native range
(N) result in simple admixture in an invasive range (/), and
where admixture follows adaptive evolution in part of the global
invasive range (I, I' and I"). Of course, not all empirical
examples conform to this paradigm, and there are many counter
examples. Still, these ideas are pervasive in the literature and
warrant additional testing. Though not strictly necessary,
scenario complexity may tend to increase as function of time
since initial invasive establishment, indicated by the black
arrow

depression, and in sexually reproducing individuals
facilitates the purging of deleterious mutations and the
decoupling of unfavorable gene combinations, partic-
ularly under bottlenecks of intermediate intensity
(Gleman 2003). Recent observational and experimen-
tal evidence from the invasion of H. axyridis strongly
suggests that moderate bottlenecks can positively
affect invading populations, in part by increasing
robustness to inbreeding (Facon et al. 2011). In
contrast, levels of genetic diversity appeared to play
little or no role in the success of at least five
independent introductions of the Western Corn Root-
worm from native North America into Europe (Ciosi
et al. 2008). In this case multiple introductions from
the same source pool have not resulted in admixture to
date but have led to the continental co-occurrence of
independent populations that are genetically distinct,
most likely as a result of drift.

The second main argument in support of the
importance of genetic diversity is that it enhances
the capacity for adaptive evolution. Heritable genetic
variation is required for adaptation to novel or
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changing conditions, which has been shown to occur
in a number of introduced species (Lee and Gelembiuk
2008; Whitney and Gabler 2008; Jones and Gomulk-
iewicz 2012; Zenni et al. 2014; Tanaka et al. 2015).
Very often, IAS occupy a breadth of habitats and
niches, in many cases across broad geographic ranges
with divergent biotic and abiotic environments. Many
authors have taken this pattern as implicit evidence
that genetic diversity would at least benefit exotic
invaders if not represent a requirement for medium- to
long-term population success (Kolbe et al. 2004;
Roman and Darling 2007). However, phenotypically
plastic genotypes capable of coping with a variety of
conditions have been shown to be crucial to invasive-
ness in many systems (Zepeda-Paulo et al. 2010;
Barrett 2015). In fact, phenotypic plasticity itself—
once considered an impediment to adaptive evolu-
tion—can mask cryptic diversity and promote the
emergence of novel traits, ultimately leading to an
increase in heritable genetic variation and to popula-
tion and/or species divergence or local adaptation
(Hughes et al. 2008; Pfennig et al. 2010; Hughes
2012). Additionally, theoretical models demonstrate
that genetic bottlenecks have the capacity to increase
additive genetic variation in affected populations—
either by “converting” epistatic into additive variation
via the fixation of some alleles due to drift (Goodnight
1988) or by increasing the frequency of rare recessive
alleles at loci where dominance effects occur (Robert-
son 1952; Willis and Orr 1993). While some studies
are consistent with such predictions (Bryant and
Meffert 1993; Saccheri et al. 2006), on the whole
empirical evidence has been equivocal (van Heer-
waarden et al. 2008; Jarvis et al. 2011; Dlugosch et al.
2015) and primarily derived from limited laboratory
studies.

Genetic effects of population size and population
growth

Invasive populations tend to be characterized by high
population densities, rapid population growth, rapid
spread and broad geographic extent. Theory predicts
that population abundance and rates of expansion can
themselves influence the rates of loss, maintenance
and accrual of genetic diversity. For example, the total
number of mutations per generation and neutral
genetic diversity tend to scale linearly with population
size (Dlugosch et al. 2015). However, the relationship
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between rate of evolution and effective population size
(Ne) is complex and difficult to predict in natural
systems given the opposing processes of drift and
selection. Theoretical and empirical studies tend to
support a negative relationship between population
size and rates of evolution (Lanfear et al. 2014),
though population expansion or contraction can tem-
porarily increase these rates if some mutations are
adaptive (Charlesworth and Eyre-Walker 2007; Lan-
fear et al. 2014). Thus, as invasive populations
increase rapidly post-establishment, rates of adaptive
evolution may be elevated. However, this effect is
likely to be ephemeral in the absence of population
subdivision (which can allow small N, to persist even
as global population size increases). Population struc-
ture has been shown in a number of invasive insect
species, especially in patchy environments (Vill-
ablanca et al. 1998), but its role as a driver of
evolutionary change in rapidly spreading global
invaders is far from established.

Genetic diversity and niche breadth

The idea of a positive relationship between niche
breadth and genetic and/or phenotypic diversity has
been around since at least Van Valen (1965). How-
ever, it has been notoriously difficult to establish
generality with respect to this phenomenon. Steiner
(1977) showed a moderate positive correlation
between average heterozygosity in Hawaiian Droso-
phila species and host plant use (as well as elevation),
though other authors have concluded that genetic
diversity is more strongly associated with habitat or
environmental heterogeneity (Pamilo 1988). In at least
one case, that of the globally invasive Argentine
ant (Linepithema humile), the loss of genetic diversity
during invasion is cited as one of the key elements
promoting ecological success (Starks 2003; Tsutsui
et al. 2003). However, this phenomenon may be
unique to social insects and therefore linked more to
life history and patterns of polygyny than to diversity
within invasive populations per se (Pedersen et al.
2006; Garnas et al. 2007).

Many species appear capable of occupying a range
of habitats and climatic conditions despite single
introductions of only a few individuals or propagules.
For example, Drosophila subobscura populations in
the New World are estimated to have originated from
fewer than 15 individuals and have now spread to

cover over 15 degrees of latitude in both the Northern
and Southern Hemispheres (Huey et al. 2000; Pascual
et al. 2007; Balanya et al. 2009). In this case, despite a
strong bottleneck, there appears to have been strong
selection for chromosomal inversion frequency and
for wing size, both of which show a predictable lati-
tudinal cline in the native range that has developed
independently in both northern and southern intro-
duced populations. While the D. subobscura example
provides strong evidence of contemporary evolution in
low-diversity introduced populations—indeed some
of the fastest rates of trait evolution documented to
date in natural populations—the strength of the cline is
still considerably weaker than in native Europe.
Whether this reflects some consequences of reduced
diversity or simply the wider temperature range (and
variability) experienced by flies across their European
range, is not known. Additional chromosomal inver-
sion types that correlate with climate regime are
present in Europe but have not yet been introduced
elsewhere. The idea that the arrival of one or more of
these types could enhance adaptive potential is an
intriguing possibility that cannot currently be tested.
Niche breadth may also expand in response to
relaxed interspecific competition, which along with a
loss of natural enemies may facilitate the occupation
of a greater proportion of the fundamental niche.
However, the question of whether more generalized
populations are themselves more genetically variable
has been elusive. There is a clear role for phenotypic
plasticity and/or selection for a generalized genotype,
particularly in recently introduced populations (Rius
and Darling 2014). However, structured or diversified
habitat use does appear to arise as population niche
breadth increases (Bolnick et al. 2007), though the
changes may or may not be heritable or even
genetically based (but see Pfennig et al. 2010).

Success of clonal invaders

Asexual organisms often have superior capacity for
colonization and rapid spread, owing at least in part to
the ability of single individuals to start new popula-
tions, the absence of a need for mate finding, and the
roughly twofold advantage in rates of population
growth (Maynard Smith 1978). There is some evi-
dence, however, that habitat stability (i.e., low levels
of disturbance) and temporal instability (i.e., annual
crops which must be re-invaded each growing season)
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favor parthenogens (Hoffmann et al. 2008). For
example, a study of sympatric sexual versus asexual
populations of Rhopalosiphum padi (the bird cherry-
oat aphid) showed that the diversity of host plants
utilized by the two forms differed significantly.
Isotopic signatures of asexual populations strongly
suggested feeding on C, host plants (represented only
by maize in the region where the study was per-
formed), whereas sexually reproducing individuals
primarily fed on C; plants, likely utilizing a far greater
diversity of grassland plants in the family Poaceae
(Gilabert et al. 2014).

A disproportionate number of IAS exhibiting low
genetic diversity are asexual, at least in aquatic
systems (Roman and Darling 2007). Many insects,
even those for which recombination is common in the
native range, also show a tendency to switch to
obligate or facultative parthenogenesis in introduced
populations (Dybdahl and Kane 2005; Caron et al.
2014). Clonal lineages do exhibit some genetic
variability, however, though inheritance and selection
typically occur at the scale of the genome (rather than
genes) in the absence of recombination. Most of this
variation in asexual lineages probably derives from
mutation, though gene duplication, chromosomal
rearrangement and horizontal gene transfer (among
other plausible mechanisms) can result in intraclone
variability, including in insects (Lushai et al. 2003). In
fact, evidence of within or among clone diversity in
asexually reproducing organisms is accumulating. For
example, Dybdahl and Kane (2005) found non-zero
heritabilities in important life history traits in a
parthenogenetic freshwater snail invader, though no
evidence of local adaptation was detected (suggesting
evolutionary potential but not necessarily that rapid
evolution had occurred). The same study also reported
evidence for phenotypic plasticity across elevations
but no all-purpose genotype (Baker 1965), which
according to the authors predicts a flat reaction norm
landscape across habitats.

Whether or not the success of clonal invaders bears
directly on the importance of genetic diversity and/or
admixture in non-clonal invaders is an open question.
In addition, there are contravening examples where
sexual invaders appear to displace ecologically sim-
ilar, asexual congeners (Auger-Rozenberg and Roques
2012). In the absence of horizontal gene transfer or
occasional or cryptic sex, there is no direct effect of
admixture in asexual organisms, as genomes do not
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introgress. However, the concept of a true clonal
population has received criticism in recent years due to
high rates of intraclone variability, persistence of rare
genotypes and strong evidence for adaptive evolution
(Loxdale and Lushai 2003; Lushai et al. 2003).
Numerous asexual pests, for example, have evolved
resistance to insecticides, including the spotted alfalfa
aphid, Therioaphis maculata in North America (Dick-
son 1962). Populations of this insect currently com-
prise numerous strains, including some with
insecticide-resistance traits, despite apparently being
derived from a small asexual founder population
within a few generations (Lushai et al. 2003). In fact,
intraclone selection in obligate parthenogens appears
to be the norm across many groups, and in some cases
may be strong (Vorburger 20006).

Admixture and interspecific hybridization

Among the factors with the potential to influence
evolutionary trajectories in globally invasive popula-
tions, perhaps the one most likely to be strongly
influenced by complexity in patterns of global spread
is admixture. Admixture refers to the genomic mixing
that results from the interbreeding of individuals from
distinct source populations or lineages. Secondary
contact outside the native range scales with the rate of
transfer among regions along with the number of
independent introductions outside the native range,
both of which are strongly influenced by growing
volumes of global trade. The importance of admixture
has historical precedent too and has been well
characterized with respect to the evolution of our
own species. Reconstructions of intraspecific admix-
ture throughout human pre-history strongly suggests
that this has been common during range expansion and
secondary migration in humans, and very likely was an
important force favoring the sharing of favorable
alleles and for adaptive evolution (Hellenthal et al.
2014). There is also growing evidence that interspeci-
fic admixture with Neanderthals was an important
source of adaptive variation for skin phenotype, and
perhaps other traits as well (Vernot and Akey 2014).
Admixture has also been implicated in facilitating
range expansion under conditions of both current and
historical climate change in insects and other taxa
(Petit et al. 2003; Krehenwinkel and Tautz 2013).
Understanding how admixture influences fitness,
local adaptation and adaptive potential in invasive
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species is not a simple task. First, multiple intro-
ductions are a logical requirement for admixture in
the invasive range to occur (including for indepen-
dently introduced lineages which come into contact
via secondary spread). However, multiple introduc-
tions can have direct effects on spread potential via
elevated propagule number, irrespective of source
population identity or differentiation. Second, while
short-term gains linked to heterosis—even if ulti-
mately lost via backcrossing—can be an important
mechanism for demographic rescue in small popu-
lations, such effects might be easily confused with
longer term benefits linked to increased additive
genetic variation (Rius and Darling 2014). Admix-
ture arising from the arrival of novel alleles and
gene combinations from secondary spread within
and among regions can disrupt locally adapted
populations via gene swamping (Verhoeven et al.
2011). Alternatively, admixture can increase genetic
diversity and adaptive potential, or bring new “pre-
adapted” traits with consequences for fitness to
established populations. In one case—that of H.
axyridis—admixture is credited as a principal cause
in the creation of a bridgehead population in eastern
North America, which then exported individuals
with increased fitness and propensity to invade to
Europe and perhaps beyond (Lombaert et al. 2010).
A follow-up laboratory study showed that key life
history traits were changed in favor of higher fitness
in experimental crosses designed to recreate
observed admixture (between the North American
and biocontrol strains; Turgeon et al. 2011). In the
majority of cases where admixture is implicated,
however, little evidence exists that the mixing of
genotypes has had serious impacts on global inva-
siveness (Chapple et al. 2013; Rius and Darling
2014). In addition, several of the studies that have
detected positive effects of admixture attribute these
to short-term heterotic effects rather than gains in
additive genetic variation (Keller and Taylor 2010;
Keller et al. 2014), though this can still have
important long-term consequences.

Resource use and genetic diversity in insects
From the perspective of management of invasive pests,

particularly those under intensive management such as
in forestry or agricultural landscapes, a positive

correlation between admixture and invasiveness is not
the only way in which admixture could influence
relevant dynamics. To the degree that admixture
enhances fitness (e.g., via local adaptation or the
acquisition of favorable life history traits), impacts
equilibrium abundances and/or increases the propensity
for outbreak dynamics, such mixing could be very
important. Perhaps more relevant in such systems,
however, is how admixture might influence either host
range or the capacity for adaptation to mitigation
strategies themselves. For example, the importation of
insecticide-resistance alleles has occurred via sec-
ondary transfer in the peach potato aphid and has had
major consequences for growers in affected regions
(Margaritopoulos et al. 2009).

Biotypes and cryptic species

The increasingly widespread use of molecular tools
for species identification and the exploration of
population substructure has led to major increases in
the identification of cryptic species and/or biotypes
(Lawson Handley 2015). Biotypes are generally
considered to be population or lineages within a
species that differ in key traits. Often, biotypes are
asexual lineages and can differ in host preference (host
races), geography (geographic races) or other aspects
of life history, ecology or morphology. In addition to
differentiation in host (plant or insect) use, differences
in phenology among distinct types appear important to
maintaining separation. There are several examples of
the arrival of a genotype or species that is morpho-
logically similar to individuals in an already invaded
area that has resulted in additional damage, increased
niche breadth, or that has confounded management
(Perring 2001; Saltonstall 2002; Peccoud et al. 2008;
Garnas et al. 2012; Mapondera et al. 2012; Wenger
and Michel 2013; Shadmany et al. 2015). For example,
distinct host races of the pea aphid (Acyrthosiphon
pisum) feeding on pea and broad bean, alfalfa and red
clover in Chile are descended from biotypes in Europe
(rather than evolving in situ; Peccoud et al. 2008).
Thus it seems likely that multiple introductions of
host-adapted biotypes are responsible for the broad
host range of this species rather than in situ evolution
in the invasive range. Similarly, some species of the
wheat curl mite (“Aceria tosichella complex”) are
widely distributed with broad host range while others
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are restricted and specialized (Carew et al. 2009;
Skoracka et al. 2013, 2014). Other co-introduced
lineages (e.g., S. noctilio, T. peregrinus) do not appear
to differ markedly in host range, though more subtle
differences in preference cannot be excluded. Estab-
lishing the generality of biotype-specific host use in
invasive insects has major implications for quarantine
and pest management.

Community sharing and symbiont transfer

The Enemy Release Hypothesis is a central and well-
supported (if partial) explanation of the success of
invasive species (Roy and Lawson Handley 2012;
Heger and Jeschke 2014). However, when individuals
from distinct source populations or lineages come
together, they rarely come alone. Invasive insects, for
example, bring with them a suite of obligate and
facultative symbionts, including mutualists, parasites
and commensals, some of which can have important
effects on fitness (Dillon and Dillon 2004; Moran
2007). In addition, there is growing evidence of
symbiont switching in novel communities (Werren
etal. 2008; Taerum et al. 2013). For example, increased
performance and the production of female-biased
offspring in Rickettsia-infected whiteflies (Bemisi
tabaci) provide a strong case for the role of a facultative
endosymbiont in the insect’s invasion in California
(Himler et al. 2011; Lawson Handley et al. 2011).
Fungal symbionts once thought to be obligately asso-
ciated with specific hosts have also been seen to change
in invasive populations. Populations of native Sirex
nigricornis in North America now regularly carry
Amylostereum areolatum, a fungal symbiont carried—
and putatively introduced—by the invasive S. noctilio,
and vice versa with the A. chailletii symbiont of S.
nigricornis (Hajek et al. 2013; Olatinwo et al. 2013;
Wooding et al. 2013). The fitness consequences of this
switch are not yet known, but what is clear is that
secondary transfer of North American populations of S.
noctilio now carries additional risk. Given the ubiqui-
tous associations between insects and microbes, the co-
introduction and/or novel acquisition of microbial
associates by invasive insects may be quite common,
with impacts that are typically subtle or at least
overlooked. There are cases, however, where novel
associations acquired in a non-native range can have
truly devastating consequences (Hulcr and Dunn 2011;
Wingfield et al. 2016).
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Implications of complex movement patterns
for management

Quarantine and control

Controlling the movement of harmful or invasive
species is an incredibly complex task. Even for known
pests, restricting pathways and/or maintaining effective
quarantine requires constant vigilance as well as
cooperation from all relevant trade partners. Agree-
ments such as those under the International Plant
Protection Convention (IPPC) aim to establish standards
to ensure fairness and technical soundness of trade
control measures, but competing interests, the economic
benefits of free trade and the sheer volume of global
shipping and transport make the prevention of primary
or secondary pest establishment a daunting task (Mum-
ford 2002; Saccaggi et al. 2016). Application of
phytosanitary measures under these protocols, container
inspection, and post-harvest treatments (e.g., irradia-
tion, heat, methyl bromide treatment, or exposure to
high CO, or low O, concentrations) are often expensive
and/or inadequately applied, variably effective and
inconsistently enforced (Liebhold et al. 2012; Haack
et al. 2014; Roy et al. 2014; Eschen et al. 2015). Still,
programs aimed at maintaining pest-free zones (PFZs)
have been successful in some cases, such as for the
medfly in Chile where consistent monitoring and regular
eradication efforts have prevented populations from
gaining a foothold since 1982 (Follett and Neven 2006).

Given the difficulties of maintaining a PFZ or of
preventing the establishment of known and unknown
pests alike, it is not surprising that managing genotype
or provenance-specific movement of established pests
receives very little consideration. Once a pest has
become firmly established, maintaining quarantine
import restrictions is likely to be complicated by fair
trade regulations (Mumford 2002). The one exception
is for species where clear biotypes or strains can be
identified, though this is the case for only a small
subset of species. The arrival of new biotypes of the
pea aphid to Chile increased the host range of the
insect considerably, with major economic effect
(Caron et al. 2014).

So what of the knowledge that admixture, at least
under certain circumstances, can influence invasive-
ness or the capacity for adaptive evolution in intro-
duced populations? In the face of massive economic
forces promoting free trade, it is unlikely that a purist
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strategy (such as banning or severely restricting trade
among regions with different genotypes of the same
pest) is feasible or even desirable. However, in a
number of cases, ongoing vigilance may have pre-
vented the movement of genotypes, biotypes or key
symbionts, potentially avoiding further catastrophic
effects of invasion. We advocate increased consider-
ation of genetic and microbial diversity when imple-
menting quarantine or the regulation of movement of
globally established pests. It is critical for governments
and regulatory agencies to recognize that the proba-
bility of movement of individuals increases signifi-
cantly with global population size and with each region
that is invaded. This is probably reasonably accepted
with respect to the likelihood of new colonization
events. However, greater recognition is needed that
rates of secondary transfer increase and remain high
even once a pest attains a global distribution (Fig. 1).
This can have dramatic consequences for evolutionary
trajectories, and the long-term efficacy of control
methods is underappreciated at best.

Prospects for the future

Molecular tools have powerful potential for detecting
the spread of pests and pathogens, but there are many
challenges (Armstrong and Ball 2005; Bohmann et al.
2014; Chown et al. 2014; Lawson Handley 2015).
Environmental sampling, for example, is already being
used to track the movement and spread of aquatic
invaders via the detection of invader DNA rather than
the species themselves (Jerde et al. 2011). Bulk
screening of insect or microbial samples using mas-
sively parallel barcoding approaches could potentially
be used to flag known invaders at ports of entry. Current
limitations linked to cost, time and the availability of
comprehensive barcoding databases of known pests
present significant difficulties. However, there is little
doubt that such technical barriers could be overcome
with time and sufficient effort. In fact, there is scope for
considerable automation of such screening, which
would clearly be necessary given the volumes of trade
in question. While at their core, inspection-based
methods require a “blacklisting” philosophy where
known pests are denied, such lists could be expanded to
incorporate aspects of population-level diversity in the
context of the known distribution of genotypes. In
addition, enhanced databases together with advanced
clustering algorithms should allow the flagging of

species that are phylogenetically related to known
invaders. Potentially harmful symbionts could also be
readily detected in this way.

Conclusions

In this paper we examine and reflect on the growing
evidence of complex patterns of global movement of a
number of important invasive pests. One consequence
of this complexity is widespread admixture and a
general increase in genetic diversity over time. While
the consequences of these patterns are not always
clear, there is evidence that mixing of divergent
lineages contributes to rapid evolution and to inva-
siveness and may seriously complicate management
efforts. There are currently few, if any, effective
mechanisms in place to systematically track genetic
and evolutionary changes in populations at regional,
national or international scale. There appears to be
even less action with regard to policy to mitigate
secondary spread between invaded regions despite
clear evidence of its importance. Inclusion of such
considerations within risk assessment protocols would
be a first step. The patterns and consequences high-
lighted in this paper will hopefully contribute to an
urgent call for efforts to address these shortcomings.

Acknowledgments The Tree Protection Cooperative
Programme (TPCP), the National Research Foundation (NRF)
and the Department of Trade and Industry (DTI) of South Africa
are acknowledged for their financial support. This paper had its
origin at a workshop on “Drivers, impacts, mechanisms and
adaptation in insect invasions” hosted by the DST-NRF Centre
of Excellence for Invasion Biology in Stellenbosch, South
Africa, in November 2014. Additional financial support was
provided by HortGro, the National Research Foundation of
South Africa, Stellenbosch University, and SubTrop.

References

Arca M, Mougel F, Guillemaud T, Dupas S, Rome Q, Perrard A,
Muller F, Fossoud A, Capdevielle-Dulac C, Torres-
Leguizamon M, Chen XX, Tan JL, Jung C, Villemant C,
Arnold G, Silvain JF (2015) Reconstructing the invasion
and the demographic history of the yellow-legged hornet,
Vespa velutina, in Europe. Biol Invasions. doi:10.1007/
s10530-015-0880-9

Armstrong KF, Ball SL (2005) DNA barcodes for biosecurity:
invasive species identification. Proc R Soc Lond [Biol]
360:1813-1823

@ Springer


http://dx.doi.org/10.1007/s10530-015-0880-9
http://dx.doi.org/10.1007/s10530-015-0880-9

J. R. Garnas et al.

Auger-Rozenberg MA, Roques A (2012) Seed wasp invasions
promoted by unregulated seed trade affect vegetal and
animal biodiversity. Integr Zool 7:228-246

Aukema JE, Mccullough DG, Von Holle B, Liebhold A, Britton
K, Frankel SJ (2010) Historical accumulation of non-
indigenous forest pests in the continental United States.
Bioscience 60:886—-897

Baker HG (1965) Characteristics and modes of origin of weeds.
In: Baker HG, Stebbins GL (eds) The genetics of colo-
nizing species. Academic Press, New York, pp 147-168

Balanya J, Huey RB, Gilchrist GW, Serra L (2009) The chro-
mosomal polymorphism of Drosophila subobscura: a
microevolutionary weapon to monitor global change.
Heredity 103:364-367

Barrett S (2015) Foundations of invasion genetics: the Baker
and Stebbins legacy. Mol Ecol 24:1927-1941

Bergeron M-J, Leal I, Foord B, Ross G, Davis C, Slippers B, de
Groot P, Hamelin RC (2011) Putative origin of clonal
lineages of Amylostereum areolatum, the fungal symbiont
associated with Sirex noctilio, retrieved from Pinus syl-
vestris, in eastern Canada. Fungal Biol 115:750-758

Bohmann K, Evans A, Gilbert MTP, Carvalho GR, Creer S,
Knapp M, Yu DW, de Bruyn M (2014) Environmental
DNA for wildlife biology and biodiversity monitoring.
Trends Ecol Evol 29:358-367

Boissin E, Hurley B, Wingfield MJ, Vasaitis R, Stenlid J, Davis
C, De Groot P, Ahumada R, Carnegie A, Goldarazena A,
Klasmer P, Wermelinger B, Slippers B (2012) Retracing
the routes of introduction of invasive species: the case of
the Sirex noctilio woodwasp. Mol Ecol 21:5728-5744

Bolnick DI, Svanback R, Araujo MS, Persson L (2007) Com-
parative support for the niche variation hypothesis that
more generalized populations also are more heterogeneous.
Proc Natl Acad Sci USA 104:10075-10079

Bossdorf O, Auge H, Lafuma L, Rogers WE, Siemann E, Prati D
(2005) Phenotypic and genetic differentiation between
native and introduced plant populations. Oecologia
144:1-11

Boubou A, Migeon A, Roderick GK, Auger P, Cornuet J-M,
Magalhaes S, Navajas M (2012) Test of colonisation sce-
narios reveals complex invasion history of the Red Tomato
Spider Mite Tetranychus evansi. PLoS ONE 7:e35601

Boyd IL, Freer-Smith PH, Gilligan CA, Godfray HC (2013) The
consequence of tree pests and diseases for ecosystem ser-
vices. Science 342:1235773

Bryant EH, Meffert LM (1993) The effect of serial founder-flush
cycles on quantitative genetic variation in the housefly.
Heredity 70:122-129

Carew M, Schiffer M, Umina P, Weeks A, Hoffmann A (2009)
Molecular markers indicate that the wheat curl mite, Aceria
tosichella Keifer, may represent a species complex in
Australia. Bull Entomol Res 99:479-486

Caron V, Ede FJ, Sunnucks P (2014) Unravelling the paradox of
loss of genetic variation during invasion: superclones may
explain the success of a clonal invader. PLoS ONE
9:¢97744

Castrillo LA, Hajek AE, Pajares JA, Thomsen IM, Csdka G,
Kenaley SC, Kepler RM, Zamora P, Angeli S (2015)
Multilocus genotyping of Amylostereum spp. associated
with Sirex noctilio and other woodwasps from Europe

@ Springer

reveal clonal lineage introduced to the US. Fungal Biol.
doi:10.1016/j.funbio.2015.03.004

Chapple DG, Miller KA, Kraus F, Thompson MB (2013)
Divergent introduction histories among invasive popula-
tions of the delicate skink (Lampropholis delicata): has the
importance of genetic admixture in the success of biolog-
ical invasions been overemphasized? Divers Distrib
19:134-146

Charlesworth J, Eyre-Walker A (2007) The other side of the
nearly neutral theory, evidence of slightly advantageous
back-mutations. Proc Natl Acad Sci USA 104:16992—
16997

Chown SL, Hodgins KA, Griffin PC, Oakeshott JG, Byrne M,
Hoffmann AA (2014) Biological invasions, climate change
and genomics. Evol Appl 8:23-46

Ciosi M, Miller NJ, Kim KS, Giordano R, Estoup A, Guillemaud
T (2008) Invasion of Europe by the western corn rootworm,
Diabrotica virgifera virgifera: multiple transatlantic
introductions with various reductions of genetic diversity.
Mol Ecol 17:3614-3627

Cornuet J-M, Santos F, Beaumont MA, Robert CP, Marin J-M,
Balding DJ, Guillemaud T, Estoup A (2008) Inferring
population history with DIY ABC: a user-friendly approach
to approximate Bayesian computation. Bioinformatics
24:2713-2719

Dickson R (1962) Development of the spotted alfalfa aphid
population in North America. Internationaler Kongress fiir
Entomologie, Vienna 1960, pp 26-28

Dillon RJ, Dillon VM (2004) The gut bacteria of insects: non-
pathogenic interactions. Annu Rev Entomol 49:71-92

Dlugosch KM, Parker IM (2008) Founding events in species
invasions: genetic variation, adaptive evolution, and the
role of multiple introductions. Mol Ecol 17:431-449

Dlugosch KM, Anderson SR, Braasch J, Cang FA, Gillette HD
(2015) The devil is in the details: genetic variation in
introduced populations and its contributions to invasion.
Mol Ecol 24:2095-2111

Dybdahl M, Kane S (2005) Adaptation vs. phenotypic plasticity
in the success of a clonal invader. Ecol 86:1592-1601

Elton C (1958) The ecology of invasions by animals and plants.
University of Chicago Press, Chicago

Eschen R, Britton K, Brockerhoff E, Burgess T, Dalley V,
Epanchin-Niell RS, Gupta K, Hardy G, Huang Y, Kenis M,
Kimani E, Li HM, Olsen S, Ormrod R, Otieno W, Sadof C,
Tadeu E, Theyse M (2015) International variation in phy-
tosanitary legislation and regulations governing importa-
tion of plants for planting. Environ Sci Pol 51:228-237

Essl F, Bacher S, Blackburn TM, Booy O, Brundu G, Brunel S,
Cardoso A-C, Eschen R, Gallardo B, Galil B, Garcia-
Berthou E, Genovesi P, Groom Q, Harrower C, Hulme PE,
Katsanevakis S, Kenis M, Kiihn I, Kumschick S, Martinou
AF, Nentwig W, O’Flynn C, Pagad S, Pergl J, Pysek P,
Rabitsch W, Richardson DM, Roques A, Roy HE, Scalera
R, Schindler S, Seebens H, Vanderhoeven S, Vila M,
Wilson JRU, Zenetos A, Jeschke JM (2015) Crossing
frontiers in tackling pathways of biological invasions.
Bioscience 65:769-782

Estoup A, Guillemaud T (2010) Reconstructing routes of inva-
sion using genetic data: why, how and so what? Mol Ecol
19:4113-4130


http://dx.doi.org/10.1016/j.funbio.2015.03.004

Complex patterns of global spread in invasive insects

Facon B, Hufbauer RA, Tayeh A, Loiseau A, Lombaert E,
Vitalis R, Guillemaud T, Lundgren JG, Estoup A (2011)
Inbreeding depression is purged in the invasive insect
Harmonia axyridis. Curr Biol 21:424-427

Fisher MC, Briggs CJ, Brownstein JS, Madoff LC, McCraw SL,
Gurr SJ (2012) Emerging fungal threats to animal, plant
and ecosystem health. Nature 484:186—194

Follett PA, Neven LG (2006) Current trends in quarantine
entomology. Annu Rev Entomol 51:359-385

Garnas JR, Drummond FA, Groden E (2007) Intercolony
aggression within and among local populations of the
invasive ant, Myrmica rubra (Hymenoptera: Formicidae),
in coastal Maine. Environ Entomol 36:105-113

Garnas JR, Hurley BP, Slippers B, Wingfield MJ (2012) Bio-
logical control of forest plantation pests in an intercon-
nected world requires greater international focus. Int J Pest
Manag 58:211-223

Gilabert A, Simon J-C, Dedryver C-A, Plantegenest M (2014)
Do ecological niches differ between sexual and asexual
lineages of an aphid species? Evol Ecol 28:1095-1104

Gladieux P, Feurtey A, Hood ME, Snirc A, Clavel J, Dutech C,
Roy M, Giraud T (2015) The population biology of fungal
invasions. Mol Ecol 24:1969-1986

Gleman S (2003) How are deleterious mutations purged? Drift
versus random mating. Evolution 57:2678-2687

Goodnight CJ (1988) Epistasis and the effect of founder events
on the additive genetic variance. Evolution 42:441-454

Haack RA, Britton KO, Brockerhoff EG, Cavey JF, Garrett LJ,
Kimberley M, Lowenstein F, Nuding A, Olson LJ, Turner
J, Vasilaky KN (2014) Effectiveness of the International
Phytosanitary Standard ISPM No. 15 on reducing wood
borer infestation rates in wood packaging material entering
the United States. PLoS ONE 9:e96611

Hajek AE, Nielsen C, Kepler RM, Long SJ, Castrillo L (2013)
Fidelity among Sirex woodwasps and their fungal sym-
bionts. Microb Ecol 65:753-762

Haran J, Koutroumpa F, Magnoux E, Roques A, Roux G (2015)
Ghost mtDNA haplotypes generated by fortuitous NUMTs
can deeply disturb infra-specific genetic diversity and
phylogeographic pattern. J Zool Syst Evol Res 53:109-115

Heger T, Jeschke JM (2014) The enemy release hypothesis as a
hierarchy of hypotheses. Oikos 123:741-750

Hellenthal G, Busby GB, Band G, Wilson JF, Capelli C, Falush
D, Myers S (2014) A genetic atlas of human admixture
history. Science 343:747-751

Himler AG, Adachi-Hagimori T, Bergen JE, Kozuch A, Kelly
SE, Tabashnik BE, Chiel E, Duckworth VE, Dennehy TJ,
Zchori-Fein E, Hunter MS (2011) Rapid spread of a bac-
terial symbiont in an invasive whitefly is driven by fitness
benefits and female bias. Science 332:254-256

Hoffmann AA, Reynolds KT, Nash MA, Weeks AR (2008) A
high incidence of parthenogenesis in agricultural pests.
Proc R Soc Lond [Biol] 275:2473-2481

Huey RB, Gilchrist GW, Carlson ML, Berrigan D, Serra L
(2000) Rapid evolution of a geographic cline in size in an
introduced fly. Science 287:308-309

Hughes AL (2012) Evolution of adaptive phenotypic traits without
positive Darwinian selection. Heredity 108:347-353

Hughes AR, Inouye BD, Johnson MTJ, Underwood N, Vellend
M (2008) Ecological consequences of genetic diversity.
Ecol Lett 11:609-623

Huler J, Dunn RR (2011) The sudden emergence of
pathogenicity in insect-fungus symbioses threatens naive
forest ecosystems. Proc R Soc Lond [Biol] 278:2866-2873

Hurley BP, Garnas J, Wingfield MJ, Branco M, Richardson DM,
Slippers B (2016) Increasing numbers and intercontinental
spread of invasive insects on eucalypts. Biol Invasions.
doi:10.1007/s10530-016-1081-x

Jarvis JP, Cropp SN, Vaughn TT, Pletscher LS, King-Ellison K,
Adams-Hunt E, Erickson C, Cheverud JM (2011) The
effect of a population bottleneck on the evolution of
genetic variance/covariance structure. J Evol Biol 24:
2139-2152

Jerde JL, Mahon AR, Chadderton WL, Lodge DM (2011)
“Sight-unseen” detection of rare aquatic species using
environmental DNA. Conserv Lett 4:150-157

Jones EI, Gomulkiewicz R (2012) Biotic interactions, rapid
evolution, and the establishment of introduced species. Am
Nat 179:E28-E36

Keller SR, Taylor DR (2010) Genomic admixture increases fitness
during a biological invasion. J Evol Biol 23:1720-1731

Keller LF, Waller DM (2002) Inbreeding effects in wild popu-
lations. Trends Ecol Evol 17:230-241

Keller SR, Fields PD, Berardi AE, Taylor DR (2014) Recent
admixture generates heterozygosity-fitness correlations
during the range expansion of an invading species. J Evol
Biol 27:616-627

Kerdelhué C, Boivin T, Burban C (2014) Contrasted invasion
processes imprint the genetic structure of an invasive scale
insect across southern Europe. Heredity 113:390—400

Kerdelhué C, Battisti A, Burban C, Branco M, Cassel-Lund-
hagen A, 1pekda1 K, Larsson S, Lopez-Vaamonde C,
Magnoux E, Mateus E, Mendel Z, Negrisolo E, Paiva M-R,
Pivotto ID, Rocha S, Ronnas C, Roques A, Rossi J-P,
Rousselet J, Salvato P, Santos H, Simonato M, Zane L
(2015) Genetic diversity and structure at different spatial
scales in the processionary moths. In: Roques A (ed) Pro-
cessionary moths and climate change: an update. Springer,
Dordrecht, pp 163-226

Kolbe JJ, Glor RE, Schettino L, Lara AC, Larson A, Losos JB
(2004) Genetic variation increases during biological inva-
sion by a Cuban lizard. Nature 431:177-181

Kolbe JJ, Larson A, Losos JB (2007) Differential admixture
shapes morphological variation among invasive popula-
tions of the lizard Anolis sagrei. Mol Ecol 16:1579-1591

Krehenwinkel H, Tautz D (2013) Northern range expansion of
European populations of the wasp spider Argiope bruen-
nichi is associated with global warming-correlated genetic
admixture and population-specific temperature adapta-
tions. Mol Ecol 22:2232-2248

Lanfear R, Kokko H, Eyre-Walker A (2014) Population size and
the rate of evolution. Trends Ecol Evol 29:33—41

Lawson Handley LJ (2015) How will the ‘molecular revolution’
contribute to biological recording? Biol J Linn Soc
115:750-766

Lawson Handley LJ, Estoup A, Evans DM, Thomas CE, Lom-
baert E, Facon B, Aebi A, Roy HE (2011) Ecological
genetics of invasive alien species. Biocontrol 56:409-428

Le Roux J, Wieczorek A (2009) Molecular systematics and
population genetics of biological invasions: towards a
better understanding of invasive species management. Ann
Appl Biol 154:1-17

@ Springer


http://dx.doi.org/10.1007/s10530-016-1081-x

J. R. Garnas et al.

Lee CE (2002) Evolutionary genetics of invasive species.
Trends Ecol Evol 17:386-391

Lee C, Gelembiuk G (2008) Evolutionary origins of invasive
populations. Evol Appl 1:427-448

Liebhold AM, Macdonald W, Bergdahl D, Mastro VC (1995)
Invasion by exotic forest pests: a threat to forest ecosys-
tems. For Sci 41:1-49

Liebhold AM, Brockerhoff EG, Garrett LJ, Parke JL, Britton
KO (2012) Live plant imports: the major pathway for forest
insect and pathogen invasions of the US. Frontiers Ecol
Environ 10:135-143

Lombaert E, Guillemaud T, Cornuet J-M, Malausa T, Facon B,
Estoup A (2010) Bridgehead effect in the worldwide
invasion of the biocontrol Harlequin ladybird. PLoS ONE
5:¢9743

Loxdale H, Lushai G (2003) Rapid changes in clonal lines: the
death of a ‘sacred cow’. Biol J Linn Soc 79:3-16

Lushai G, Loxdale HD, Allen JA (2003) The dynamic clonal
genome and its adaptive potential. Biol J Linn Soc
79:193-208

Maddison DR, Guralnick R, Hill A, Reysenbach AL, McDade
LA (2012) Ramping up biodiversity discovery via online
quantum contributions. Trends Ecol Evol 27:72-77

Malacrida AR, Gomulski LM, Bonizzoni M, Bertin S, Gasperi
G, Gugliclmino CR (2007) Globalization and fruitfly
invasion and expansion: the medfly paradigm. Genetica
131:1-9

Mapondera TS, Burgess T, Matsuki M, Oberprieler RG (2012)
Identification and molecular phylogenetics of the cryptic
species of the Gonipterus scutellatus complex (Coleoptera:
Curculionidae: Gonipterini). Aust J Entomol 51:175-188

Margaritopoulos JT, Kasprowicz L, Malloch GL, Fenton B
(2009) Tracking the global dispersal of a cosmopolitan
insect pest, the peach potato aphid. BMC Ecol 9:13

Maynard Smith J (1978) The evolution of sex. Cambridge
University Press, Cambridge

Mendel Z, Protasov A, Fisher N, La Salle J (2004) Taxonomy
and biology of Leptocybe invasa gen. & sp. n. (Hy-
menoptera: Eulophidae), an invasive gall inducer on Eu-
calyptus. Austral J Entomol 43:101-113

Miura O (2007) Molecular genetic approaches to elucidate the
ecological and evolutionary issues associated with bio-
logical invasions. Ecol Res 22:876-883

Moran N (2007) Symbiosis as an adaptive process and source of
phenotypic complexity. PNAS 104:8627-8633

Mumford JD (2002) Economic issues related to quarantine in
international trade. Eur Rev Agric Econ 29:329-348

Nadel R, Slippers B, Scholes M, Lawson S, Noack A, Wilcken
C, Bouvet J, Wingfield MJ (2009) DNA bar-coding reveals
source and patterns of Thaumastocoris peregrinus inva-
sions in South Africa and South America. Biol Invasions
12:1067-1077

Nelson DR (2002) Current status of the Tardigrada: evolution
and ecology. Integr Comp Biol 42:652-659

Nugnes F, Gebiola M, Monti MM, Gualtieri L, Giorgini M,
Wang J, Bernardo U (2015) Genetic diversity of the inva-
sive gall wasp Leptocybe invasa (Hymenoptera: Eulophi-
dae) and of its Rickettsia endosymbiont, and associated
sex-ratio differences. PLoS ONE 10:e0124660

Olatinwo R, Allison J, Meeker J, Johnson W, Streett D, Aime
MC, Carlton C (2013) Detection and identification of

@ Springer

Amylostereum areolatum (Russulales: Amylostereaceae)
in the mycangia of Sirex nigricornis (Hymenoptera: Siri-
cidae) in Central Louisiana. Environ Entomol 42:1246—
1256

Paine TD, Jocelyn GM, Daane KM (2010) Accumulation of pest
insects on Eucalyptus in California: random process or
smoking gun? J Econom Entomol 103:1943-1949

Pamilo P (1988) Genetic variation in heterogeneous environ-
ments. Ann Zool Fenn 25:99-106

Parker I, Simberloff D, Lonsdale W, Goodell K, Wonham M,
Kareiva P, Williamson M, von Holle B, Moyle P, Byers J
(1999) Impact: toward a framework for understanding the
ecological effects of invaders. Biol Invasions 1:3—19

Pascual M, Chapuis MP, Mestres F, Balanya J, Huey RB,
Gilchrist GW, Serra L, Estoup A (2007) Introduction his-
tory of Drosophila subobscura in the new world: a
microsatellite-based survey using ABC methods. Mol Ecol
16:3069-3083

Peccoud J, Figueroa CC, Silva AX, Ramirez CC, Mieuzet L,
Bonhomme J, Stoeckel S, Plantegenest M, Simon JC
(2008) Host range expansion of an introduced insect pest
through multiple colonizations of specialized clones. Mol
Ecol 17:4608-4618

Pedersen JS, Krieger MJB, Vogel V, Giraud T, Keller L (2006)
Native supercolonies of unrelated individuals in the inva-
sive Argentine ant. Evolution 60:782-791

Perring TM (2001) The Bemisia tabaci species complex. Crop
Protect 20:725-737

Petit R, Aguinagalde I, de Beaulieu J, Bittkau C, Brewer S,
Cheddadi R, Ennos R, Fineschi S, Grivet D, Lascoux M,
Mohanty A, Muller-Starck G, Demesure-Musch B, Palme
A, Martin J, Rendell S, Vendramin G (2003) Glacial
refugia: hotspots but not melting pots of genetic diversity.
Science 300:1563-1565

Pfennig DW, Wund MA, Snell-Rood EC, Cruickshank T, Sch-
lichting CD, Moczek AP (2010) Phenotypic plasticity’s
impacts on diversification and speciation. Trends Ecol Evol
25:459-467

Pritchard JK, Stephens M, Donnelly P (2000) Inference of
population structure using multilocus genotype data.
Genetics 155:945-959

Pysek P, Richardson D (2010) Invasive species, environmental
change and management and health. Annu Rev Environ
Resour 35:25-55

Rius M, Darling JA (2014) How important is intraspecific
genetic admixture to the success of colonising populations?
Trends Ecol Evol 29:233-242

Robert CP, Cornuet JM, Marin JM, Pillai NS (2011) Lack of
confidence in approximate Bayesian computation model
choice. Proc Natl Acad Sci USA 108:15112-15117

Robertson A (1952) The effect of inbreeding on the variation
due to recessive genes. Genetics 37:188-207

Roman J, Darling JA (2007) Paradox lost: genetic diversity and
the success of aquatic invasions. Trends Ecol Evol
22:454-464

Roques A, Auger-Rozenberg MA, Blackburn TM, Garnas JR,
Pysek P, Rabitsch W, Richardson DM, Wingfield MJ,
Liebhold AM, Duncan RP (2016) Temporal and inter-
specific variation in rates of spread for insect species
invading Europe during the last 200 years. Biol Invasions.
doi:10.1007/s10530-016-1080-y


http://dx.doi.org/10.1007/s10530-016-1080-y

Complex patterns of global spread in invasive insects

Roy HE, Lawson Handley LJ (2012) Networking: a community
approach to invaders and their parasites. Funct Ecol
26:1238-1248

Roy BA, Alexander HM, Davidson J, Campbell FT, Burdon JJ,
Sniezko R, Brasier C (2014) Increasing forest loss world-
wide from invasive pests requires new trade regulations.
Front Ecol Environ 12:457-465

Roy HE, Brown PMJ, Adriaens T, Berkvens N, Borges I, Clu-
sella-Trullas S, De Clercq P, Comont RF, Eschen R, Estoup
A, Evans EW, Facon B, Gardiner MM, Gil A, Grez AA,
Guillemaud T, Haelewaters D, Herz A, Honek A, Howe
AG, Hui C, Hutchison WD, Kenis M, Koch RL, Kulfan J,
Lawson Handley L, Lombaert E, Loomans A, Losey J,
Lukashuk AO, Maes D, Magro A, Murray KM, San Martin
G, Martinkova Z, Minnaar 1A, Nedved O, Orlova-Bien-
kowskaja MJ, Rabitsch W, Ravn HP, Rondoni G, Rorke
SL, Ryndevich SK, Saethre MG, Sloggett JJ, Soares AO,
Stals R, Tinsley MC, Vandereycken A, van Wielink P,
Viglasova S, Zach P, Zakharov IA, Zaviezo T, Zhao Z
(2016) The harlequin ladybird, Harmonia axyridis: global
perspectives on invasion history and ecology. Biol Inva-
sions. doi: 10.1007/s10530-016-1077-6

Saccaggi DL, Karsten M, Robertson MP, Kumschick S, Somers
M1, Wilson JRU, Terblanche JS (2016) Methods and
approaches for management of arthropod border incur-
sions. Biol Invasions. doi:10.1007/s10530-016-1085-6

Saccheri 1J, Nichols RA, Brakefield PM (2006) Morphological
differentiation following experimental bottlenecks in the
butterfly Bicyclus anynana (Nymphalidae). Biol J Linn Soc
89:107-115

Sakai A, Allendorf F, Holt J, Lodge D, Molofsky J, Baughman
S, Cabin R, Cohen J, Ellstrand N, McCauley D (2001) The
population biology of invasive species. Annu Rev Ecol
Syst 32:305-332

Saltonstall K (2002) Cryptic invasion by a non-native genotype
of the common reed, Phragmites australis, into North
America. Proc Natl Acad Sci USA 99:2445-2449

Santana Q, Coetzee M, Steenkamp E, Mlonyeni O, Hammond
G, Wingfield M, Wingfield B (2009) Microsatellite dis-
covery by deep sequencing of enriched genomic libraries.
Biotechniques 46:217-223

Santini A, Ghelardini L, De Pace C, Desprez-Loustau M-L,
Capretti P, Chandelier A, Cech T, Chira D, Diamandis S,
Gaitniekis T, Hantula J, Holdenrieder O, Jankovsky L,
Jung T, Jurc D, Kirisits T, Kunca A, Lygis V, Malecka M,
Marcais B, Schmitz S, Schumacher J, Solheim H, Solla A,
Szabo I, Tsopelas P, Vannini A, Vettraino AM, Webber J,
Woodward S, Stenlid J (2013) Biogeographical patterns
and determinants of invasion by forest pathogens in Eur-
ope. New Phytol 197:238-250

Scaduto DA, Garner SR, Leach EL, Thompson AGJ (2012)
Genetic evidence for multiple invasions of the Eastern
Subterranean Termite into Canada. Environ Entomol
1:1680-1686

Shadmany M, Omar D, Muhamad R (2015) Biotype and
insecticide resistance status of Bemisia tabaci populations
from Peninsular Malaysia. J Appl Entomol 139:67-75

Skoracka A, Kuczynski L, Szydto W, Rector B (2013) The
wheat curl mite Aceria tosichella (Acari: Eriophyidae) is a
complex of cryptic lineages with divergent host ranges:

evidence from molecular and plant bioassay data. Biol J
Linn Soc 109:165-180

Skoracka A, Rector B, Kuczyniski L, Szydto W, Hein G, French
R (2014) Global spread of wheat curl mite by its most
polyphagous and pestiferous lineages. Ann Appl Biol
165:222-235

Slippers B, Wingfield MJ, Coutinho TA, Wingfield BD (2001)
Population structure and possible origin of Amylostereum
areolatum in South Africa. Plant Pathol 50:206-210

Slippers B, Hurley BP, Wingfield MJ (2015) Sirex Woodwasp: a
model for evolving management paradigms of invasive
forest pests. Annu Rev Entomol 60:601-619

Song H, Buhay JE, Whiting MF, Crandall KA (2008) Many
species in one: DNA barcoding overestimates the number
of species when nuclear mitochondrial pseudogenes are
coamplified. Proc Natl Acad Sci USA 105:3486-13491

Spellerberg IF, Sawyer JWD (1999) Ecological patterns and
types of species distribution. In: Spellerberg IF, Sawyer
JWD (eds) An introduction to applied biogeography.
Cambridge University Press, Cambridge, pp 108133

Starks P (2003) Selection for uniformity: xenophobia and
invasion success. Trends Ecol Evol 18:159-162

Steiner WW (1977) Niche width and genetic variation in
Hawaiian Drosophila. Am Nat 111:1037-1045

Taerum SJ, Duong TA, de Beer ZW, Gillette N, Sun J-H, Owen
DR, Wingfield MJ (2013) Large shift in symbiont assem-
blage in the invasive Red Turpentine Beetle. PLoS ONE
8:¢78126

Tanaka K, Murata K, Matsuura A (2015) Rapid evolution of an
introduced insect Ophraella communa LeSage in new
environments: temporal changes and geographical differ-
ences in photoperiodic response. Entomol Sci 18:104-112

Tsutsui N, Suarez A, Grosberg R (2003) Genetic diversity,
asymmetrical aggression, and recognition in a widespread
invasive species. Proc Natl Acad Sci USA 100:1078-1083

Turgeon J, Tayeh A, Facon B, Lombaert E, De Clercq P,
Berkvens N, Lundgren JG, Estoup A (2011) Experimental
evidence for the phenotypic impact of admixture between
wild and biocontrol Asian ladybird (Harmonia axyridis)
involved in the European invasion. J Evol Biol
24:1044-1052

van Heerwaarden B, Willi Y, Kristensen TN, Hoffmann AA
(2008) Population bottlenecks increase additive genetic
variance but do not break a selection limit in rain forest
Drosophila. Genetics 179:2135-2146

Van Valen L (1965) Morphological variation and width of
ecological niche. Am Nat 99:377-390

Verhoeven KJF, Macel M, Wolfe LM, Biere A (2011) Popula-
tion admixture, biological invasions and the balance
between local adaptation and inbreeding depression. Proc
R Soc Lond [Biol] 278:2-8

Vernot B, Akey JM (2014) Resurrecting surviving Neandertal
lineages from modern human genomes. Science
343:1017-1021

Villablanca FX, Roderick GK, Palumbi SR (1998) Invasion
genetics of the Mediterranean fruit fly: variation in multiple
nuclear introns. Mol Ecol 7:547-560

Vorburger C (2006) Temporal dynamics of genotypic diversity
reveal strong clonal selection in the aphid Myzus persicae.
J Evol Biol 19:97-107

@ Springer



J. R. Garnas et al.

Wares J, Hughes A, Grosberg R (2005) Mechanisms that drive
evolutionary change: insights from species introductions
and invasions. In: Sax D, Stachowitz JJ, Gaines SD (eds)
Species invasions: insights into ecology, evolution, and
biogeography. Sinauer Associates, Sunderland, pp 229-
257

Wenger JA, Michel AP (2013) Implementing an evolutionary
framework for understanding genetic relationships of
phenotypically defined insect biotypes in the invasive
soybean aphid (Aphis glycines). Evol Appl 6:1041-1053

Werren JH, Baldo L, Clark ME (2008) Wolbachia: master
manipulators of invertebrate biology. Nat Rev Microbiol
6:741-751

Whitney KD, Gabler CA (2008) Rapid evolution in introduced
species, ‘invasive traits’ and recipient communities: chal-
lenges for predicting invasive potential. Divers Distrib
14:569-580

Willis JH, Orr HA (1993) Increased heritable variation follow-
ing population bottlenecks: the role of dominance. Evolu-
tion 47:949-957

Wilson JRU, Dormontt EE, Prentis PJ, Lowe AlJ, Richardson
DM (2009) Something in the way you move: dispersal
pathways affect invasion success. Trends Ecol Evol
24:136-144

@ Springer

Wingfield MJ, Garnas JR, Hajek A, Hurley BP, de Beer ZW,
Taerum SJ (2016) Novel and co-evolved associations
between insects and microorganisms as drivers of forest
pestilence. Biol Invasions. doi:10.1007/s10530-016-1084-7

Wooding AL, Wingfield MJ, Hurley BP, Garnas JR, de Groot P,
Slippers B (2013) Lack of fidelity revealed in an insect-
fungal mutualism after invasion. Biol Lett 9:1-4

Zenni RD, Bailey JK, Simberloff D (2014) Rapid evolution and
range expansion of an invasive plant are driven by prove-
nance—environment interactions. Ecol Lett 17:727-735

Zepeda-Paulo FA, Simon JC, Ramirez CC, Fuentes-Contreras
E, Margaritopoulos JT, Wilson ACC, Sorenson CE, Bri-
ones LM, Azevedo R, Ohashi DV, Lacroix C, Glais L,
Figueroa CC (2010) The invasion route for an insect pest
species: the tobacco aphid in the New World. Mol Ecol
19:4738-4752

Zielke DE, Werner D, Schaffner F, Kampen H, Fonseca DM
(2014) Unexpected patterns of admixture in German pop-
ulations of Aedes japonicus japonicus (Diptera: Culicidae)
underscore the importance of human intervention. PLoS
ONE 9:€99093



	Complex patterns of global spread in invasive insects: eco-evolutionary and management consequences
	Abstract
	Introduction
	Patterns of global insect movement
	Consequences of complex global movement of invasive species
	The role of genetic diversity
	Key mechanisms
	Genetic effects of population size and population growth
	Genetic diversity and niche breadth
	Success of clonal invaders
	Admixture and interspecific hybridization
	Resource use and genetic diversity in insects
	Biotypes and cryptic species
	Community sharing and symbiont transfer

	Implications of complex movement patterns for management
	Quarantine and control
	Prospects for the future

	Conclusions
	Acknowledgments
	References


